Abstract Invasive rodents (primarily Rattus spp.) are responsible for loss of biodiversity in island ecosystems worldwide. Large-scale rodenticide applications are typically used to eradicate rats and restore ecological communities. In tropical ecosystems, environmental conditions rapidly degrade baits and competition for baits by non-target animals can result in eradication failure. Our objective was to evaluate persistence of rodenticide baits during a rat eradication program on Palmyra Atoll; a remote tropical atoll with intense competition for resources by land crabs. Following aerial application, bait condition was monitored in four terrestrial environments and in the canopy foliage of coconut palms. Ten circular PVC hoops were fixed in place in each of Palmyra's four primary terrestrial habitats and five rodenticide pellets were placed in each hoop. Five coconut palms were selected in three distinct regions of the atoll. One rodenticide pellet was placed on each of five palm fronds in each coconut palm. Fresh baits were placed in all monitoring locations after each broadcast bait application. Bait condition and survival was monitored for 7 days after the first bait application and 6 days after second application. Bait survival curves differed between applications at most monitoring sites, suggesting a decrease in overall rat activity as a result of rodenticide treatment. One terrestrial site showed near 100 % bait survival after both applications, likely due to low localized rat and crab densities. Median days to pellet disappearance were one and two days for the first and second application, respectively. Differences in survival curves were not detected in canopy sites between bait applications. Median days to pellet disappearance in canopy sites were 2 and 4 days for the first and second application, respectively. Frequent rainfall likely contributed to rapid degradation of bait pellets in coconut palm fronds.
Introduction
Invasive rodents, particularly rats (Rattus spp.), are a significant contributor to loss of biodiversity in island ecosystems, affecting over 80 % of all islands or island chains worldwide (Atkinson 1985) . Many islands lack predators and with little competition for resources and low risks of predation, introduced rat populations can flourish. Ecological damage inflicted by rats includes destruction of native flora and fauna, including threatened and endangered species (Towns et al. 2006) . In some cases, eradication of invasive rodents has resulted in recovery of native populations or re-establishment of endangered species (Robertson et al. 1994) .
Rodent eradication on islands often relies on the distribution of rodenticide bait to achieve the objective, which is to deliver a lethal dose of bait to every rodent on the island (Howald et al. 2007) . A major concern in nearly every rodent eradication project is the protection of non-target species from exposure to the rodenticide. To reduce this risk, application rates are typically tailored to the unique characteristics of the island so that excessive quantities of bait are not applied. In addition, rodenticide baits are typically colored with a dye to decrease attractiveness to birds, further reducing non-target exposure risks (Brunner and Coman 1983; Moran 1999) . Interspecific competition for bait between land crabs and rats can interfere with eradication efforts (Buckelew et al. 2005; Rodriguez et al. 2006 ). On tropical islands, land crabs can reach staggering numbers and densities of up to 1,400 crabs/ ha have been recorded (Cuthbert et al. 2012) . They are known to forage heavily on rodenticide baits but appear not to be acutely impacted by the anticoagulant compounds in rodenticide baits (Pain et al. 2000) .
Environmental conditions can affect rodenticide persistence and palatability, particularly in tropical environments. Studies in Hawai'i by Dunlevy et al. (2000) found that after 10 days, placebo RAMIK® Green baits were highly degraded and 74 % had mold. On Palmyra Atoll, Howald et al. (2004) found CI-25 (brodifacoum 25-D) baits disintegrated within three days, but RAMIK® baits survived up to 5 days. Also on Palmyra Atoll, Alifano et al. (2010) demonstrated that placebo brodifacoum 25-W baits degraded within two days in marine and intertidal environments (Alifano et al. 2010 ), but remained intact for up to seven days on some soil plots (Alifano and Wegmann 2011) .
The persistence and palatability of baits are a major factor in the success of rodent eradication projects, but also significantly impact the risk to non-target organisms. Here, we describe the persistence of brodifacoum rodenticide baits following aerial application to a remote tropical atoll with intense competition from land crabs.
Study Site
Palmyra Atoll is located at approximately 6°N and 162°W in the Line Islands, 1,600 km south of Hawai'i. Palmyra is a National Wildlife Refuge, co-owned and managed by the US Fish and Wildlife Service and The Nature Conservancy. The atoll is comprised of approximately 50 islets in a horseshoe configuration around a central lagoon, surrounded by coral reef (Collen et al. 2009 ). The maximum elevation is 2 m and vegetation consists primarily of coconut (Cocos nucifera ) palms, with stands of Pisonia grandis forest, patches of Scaevola sp. shrubs and meadows of Lepturas sp. The surrounding waters out to 80 km from shore are included within the Pacific Remote Islands Marine National Monument (The White House 2009). Average daytime temperature is 29°C year-round, with an average annual rainfall of approximately 440 cm. No native terrestrial mammals exist on the atoll and there is a rich diversity of crab species including land crabs (Cardisoma spp.), hermit crabs (Coenobita spp.), sand crabs (Ocypode spp.), and coconut crabs (Birgus latro ). The atoll is also home to seasonal populations of migratory birds including red-footed boobies (Sula sula), bristle-thighed curlews (Numenius tahitiensis), and Pacific golden plovers (Pluvialis fulva). Palmyra Atoll was occupied by the US Navy during World War II and it is likely that the introduction of rats to the atoll occurred at this time.
Methods

Bait application
This study took place in June 2011concurrent with a rat eradication effort performed by the US Fish and Wildlife Service and a private contractor (Island Conservation, Santa Cruz, CA). Two aerial broadcast applications of a grain-based rodenticide pellet (brodifacoum 25-W: Conservation, EPA Reg. No. 56228-36, Supplemental Label-Palmyra Atoll) were performed. A more complete description of the rat eradication effort and bait application methods can be found in Engeman et al. (2013) . Our objective was to determine the survival rate of rodenticide bait in terrestrial and arboreal environments following aerial rodenticide bait application. We expected that as a result of depressed rat populations after the first application bait survival times would increase from the first application to the second.
Terrestrial monitoring
Ten circular PVC plastic hoops (Hula Hoops) with and external diameter of 90.5 cm were fixed in place 3-5 m apart within representative patches of each of Palmyra's four primary terrestrial habitat types: coconut palm forest, Scaevola shrubland, Pisonia forest, and Lepturas meadow (Fig. 1) . Each hoop was visually divided into four quadrants and a single bait pellet was placed within each quadrant with one pellet in the center (five pellets per hoop). Baits were monitored daily for 7 days after the first application and six days after the second application. Bait condition was classified as follows:
1. Present/ palatable: bait condition ranging from hard, intact and whole to soft, intact and partially gone. 2. Present/unpalatable: baits that had begun to disintegrate into granules due to environmental exposure. 3. Not present: bait completely removed.
Arboreal monitoring
We randomly selected five coconut palms approximately 4-5 m in height in each of three areas: West Camp, North Beach and Aviation (Fig. 2) . In each tree, we labeled five palm fronds with the tree number, frond, and bait numbers. We placed a single bait pellet on each labeled frond, with added leaves between the frond and the trunk to avoid losing the bait pellet. Individual baits were monitored for presence and condition as described for the terrestrial monitoring.
Data analysis
We examined bait survival using nonparametric product-limit survival analysis (Kaplan and Meier 1958) and we applied Wilcoxon comparisons to survival curves (Kalbfleish and Prentice 1980) between the two applications for each area. Similarly, we compared bait survival curves among different habitat types. Because the population reduction of rats through the two bait applications would be expected to influence the relative differences in population numbers among habitats (i.e., populations in all habitats trending towards zero after initial bait application), we compared bait survival among areas separately for each application. For all survival analyses, we defined a "censoring point" as the observation day on which bait became unavailable for monitoring (withdrawn from the study) either by (1) becoming unpalatable or (2) remaining palatable but still available on the last day of the observation period. Censoring allows the use of survival times from all observations until baits were removed or until the censoring event. Analyses were carried out using PROC LIFETEST in SAS (SAS Institute 2004) .
Although bait placement in the palm canopies in different areas could be considered the same general habitat, the terrestrial rat populations within those areas may have been different and influenced the numbers of rats in the canopies and, hence, the rates at which baits were taken. Therefore, analyses were conducted as for the terrestrial monitoring where bait survival was compared between the applications within each area separately, and the areas were compared to each other separately for the two bait applications.
Results
Terrestrial bait fate sampling
The bait survival curves for the two aerial applications at the Scaevola site differed (Wilcoxon χ 2 =8.971, df =1, p =0.0027). The median bait survival time (time to disappearance) for the first application was 1 day, and increased to 3.5 days for the second application, suggesting a reduction in the rat population. A similar scenario occurred at the Pisonia site where the survival curves again differed (Wilcoxon χ 2 = 15.1971, df =1, p =0.0001). Here, the median survival time increased from 1 day to 3 days. In contrast, differences between bait survival curves could not be detected for the Cocos site (Wilcoxon χ 2 =00.062, df =1, p =0.80). The median bait survival time for the two applications was 5 days in each case, higher than any of the survival times from the other two areas analyzed. Only 7 of 100 baits from the Lepturas site were removed between both applications and, the remaining baits remained palatable until the end of each observation period making it impossible to calculate median survival times or to find a difference between survival curves (Wilcoxon χ 2 =0.0001, df =1, p >0.99). Given the high level of bait persistence across both applications, the Lepturas site was excluded from further analyses to avoid skewing results.
There were differences in survival curves from the three analyzed areas for the first bait application (Wilcoxon χ 2 =63.351, df =2, p <0.0001). Even though the median bait survival times substantially increased for both the Scaevola and Pisonia sites during the second application, neither approached the median survival time of 5 days at the Cocos site, again resulting in considerable differences among the survival curves for the second application (Wilcoxon χ 2 =12.264, df =2, p =0.0022).
Arboreal bait fate sampling
Assessing survival for the canopy baits was more difficult due to the high number of censored observations (Table 1) . For the West Camp area, >50 % of the baits survived until the end of the observation period after each application, true medians could not be calculated, and differences in survival curves were not detected (Wilcoxon χ 2 =1.529, df =1, p =0.22). Too many of the observations were censored for both the Aviation and North Beach areas for both drops for median survival to be calculated and differences in survival curves were not detected (Wilcoxon χ 2 <2.62, df =1, p >0.11, in both cases). Similarly, differences were not detected among survival curves for the three areas during either of the two applications (Wilcoxon χ 2 <2.32, df =2, p >0.31, in both cases).
Bait palatability
Baits on the ground were highly likely to remain palatable, with only 12 and 2 % of all baits becoming unpalatable after the first and second applications, respectively (Table 1) . Median time to unpalatability was 6 days for each application. A completely contrary situation occurred for the baits in the canopy. Of the uneaten baits 100 % and 86.8 % became unpalatable after the first and second applications, respectively (Table 1) . Median time to unpalatability was 7 days for the first application and 5 days for the second.
Discussion
Baits must remain attractive to the target species for an eradication effort to be effective. Unpalatable bait has essentially the same effect as having no bait. This was a particular concern on Palmyra Atoll where bait experienced frequent heavy rains and high humidity, which could potentially cause rapid bait disintegration. Total rainfall was 15.2 and 60.6 mm during the first and second monitoring periods, respectively (The Nature Conservancy, 2011, unpublished data). On our terrestrial study plots, relatively few baits lingered long enough to become unpalatable, which we attribute to the ability of rainwater to percolate through the porous soil surface thereby allowing baits to dry and remain intact. A much higher proportion of baits became unpalatable in the canopy where rainwater can collect in palm fronds and soak some baits, causing them to disintegrate more rapidly.
Another factor affecting longevity of baits can be competition by non-target species. On Palmyra Atoll, the only significant competitor for baits was land crabs. To compensate for high competition by land crabs, application rates were increased to satiate crabs while leaving enough bait available to rats. Median bait survival time increased between treatments for the Pisonia and Scaevola sites. Our data indicate an increase in the number of censored baits for Scaevola site after the second application, but at Pisonia no baits were censored after either application; all baits were removed. This phenomenon could be a function of differing densities of land crab species (i.e., hermit crabs vs. Cardisoma spp.) between the two habitats. Wegmann (2008) suggested that hermit crabs are the most common land crab to interfere with baiting operations through gregarious feeding, particularly in areas of uneven bait broadcast. The foraging behavior of Cardisoma spp. is quite different. When encountering a food source, Cardisoma spp. typically either eat immediately or remove food to their burrows (Burrgren and McMahon 1988) . Howald et al. (2004) reported Cardisoma spp. densities in Pisonia habitat were approximately 50 % higher than in Scaevola habitat, with the opposite distribution for hermit crabs. The tendency of Cardisoma spp. to cache food sources in burrows combined with the higher local population density may help explain why bait was removed more quickly at the Pisonia site. The median survival time of bait at the Cocos site was the same (5 days) after each bait application, although the proportion of censored baits doubled between applications. Assuming a similar rate of bait consumption by crabs between bait applications, it is probable that the overall increase in bait survival on terrestrial plots between applications was the result of reduced bait consumption by rats.
The high bait survival at the Lepturas site was unexpected. However, the Lepturas site is open habitat with little to no vegetative cover. As a result, there may have been very little rat activity as rats typically prefer habitats with vegetative cover (Cox et al. 2000) . In addition, Howald et al. (2004) report open habitat types have the lowest crab densities on the atoll. Low localized densities for both species likely contributed to near 100 % bait survival for this site. A high rate of rodenticide bait survival in open habitats may have implications for availability to non-target species in future eradication efforts and influence decisions on whether or not certain habitats should be baited. This site had also received a prior broad spectrum herbicide treatment which may have contributed to an unfavorable habitat for both rats and crabs.
The high proportion of censored observations at the canopy sites was due to pooled rainfall in palm fronds degrading baits and low rat activity in the canopy. Space use by rats on Palmyra is not distributed evenly between the canopy and the ground. Research by Howald et al. (2004) found that rats captured in the canopy spent over 50 % of their time on the ground whereas rats captured on the ground spent only 29 % of their time in the canopy. Thus, rats spend most of their time on the ground, which is supported by our observation that less than 50 % of baits in the canopy were removed. The uneven spatial distribution of rats has implications for the number of canopy baits accessed by rats and whether direct canopy baiting is necessary to achieve the objective of making bait available to all rats on the island.
Overall bait survival increased after the second bait application, suggesting a decreased consumption by rats and a relatively constant rate of consumption by crabs. This difference suggests that bait persisted long enough to be effectively consumed by rats while overcoming competition by land crabs.
Results from this study have implications for rat eradication efforts on other tropical islands. If aerial broadcast baiting is to be used, it must be conducted in such a manner to ensure adequate bait distribution and persistence in areas with high rodent abundance, while not applying excessive bait to marginal habitat. A thorough understanding of the land crab population or other competitors for bait on an island considered a candidate for rat eradication can help in establishing application rates to overcome competition and increase chances of success. In addition, bait degradation due to heavy and frequent rains can have a profound impact on bait longevity and availability to rats, particularly when baits are located in an overstory canopy. It is critical that baits persist and remain attractive to rats. Furthermore, an understanding of local rat ecology can assist in determining whether direct bait application in canopies is warranted, given the potentially high rate of bait disintegration due to pooled rainwater and rodent foraging on the ground.
